Abstract Cells are able to produce and release different types of vesicles, such as microvesicles and exosomes, in the extracellular microenvironment. According to the scientific community, both microvesicles and exosomes are able to take on and transfer different macromolecules from and to other cells, and in this way, they can influence the recipient cell function. Among the different macromolecule cargos, the most studied are microRNAs. MicroRNAs are a large family of non-coding RNAs involved in the regulation of gene expression. They control every cellular process and their altered regulation is involved in human diseases. Their presence in mammalian follicular fluid has been recently demonstrated, and here, they are enclosed within microvesicles and exosomes or they can also be associated to protein complexes. The presence of microvesicles and exosomes carrying microRNAs in follicular fluid could represent an alternative mechanism of autocrine and paracrine communication inside the ovarian follicle. The outcomes from these studies could be important in basic reproductive research but could also be useful for clinical application. In fact, the characterization of extracellular vesicles in follicular fluid could improve reproductive disease diagnosis and provide biomarkers of oocyte quality in ART (Assisted Reproductive Treatment).
Introduction
In multicellular eukaryotes, the cells develop different strategies to communicate with each other and to allow the correct hierarchical ordering and organization of all organisms. The established mechanisms of cell communication include direct interaction, such as gap junctions or, alternatively, secretion of extracellular signals. This latter mechanism involves different steps: synthesis of hormones, growth factors, and cytokines released into the extracellular microenvironment, transport to target cells, detection of specific receptors, and finally, change in cellular metabolism, function, proliferation, differentiation, or death. Extracellular signals can act by autocrine, paracrine, or endocrine signaling.
In the last few years, an alternative mechanism by which the cells are able to communicate with each other has come to light. There is growing evidence that cells may produce and release vesicles able to transfer information to other cells and to influence the recipient cell's function. The extracellular vesicles (EVs) are membrane-contained vesicles released in an evolutionally conserved manner by cells ranging from organisms, such as prokaryotes to higher eukaryotes [1] . Cells are able to produce and release different types of EVs, such as microvesicles, exosomes, apoptotic bodies, and ectosomes that differ in their size, biogenesis, and surface markers [1] .
According to the scientific community, both microvesicles and exosomes are able to take on and transfer different macromolecules from and to recipient cells [2, 3] . They can transfer proteins, lipids, and nucleic acids and can influence different physiologic and pathologic processes by modifying the phenotype of the secreting and recipient cells [1, [4] [5] [6] . It has Capsule This review summarizes the current state of knowledge about extracellular vesicles in follicular fluid and elaborates on their their potential roles in follicular differentiation and oocyte maturation.
been shown in vitro that most cells, such as B and T cells, dendritic cells, mast cells, mesenchymal stem cells, and cancer cells, are able to produce and secrete microvesicles and exosomes and in vivo microvesicles and exosomes have been isolated and characterized from several biological fluids [1, [4] [5] [6] .
While intensive investigation has targeted their role in different pathologic processes, such as cancer, autoimmune, and degenerative diseases, their physiological functions have been less explored [5] . Despite the great interest for both basic and applied research and the abundance of papers published on this subject, the classification of extracellular vesicles is, to date, unclear. However, we know that exosomes correspond to a homogenous population with a size of 30-100 nm in diameter. They originate from multivesicular bodies (MVBs) containing endosomes that fuse with the plasma membrane releasing the vesicles into the extracellular space [1, 4, 5, 7] . Microvesicles represent a more heterogeneous population with a size of 100-1000 nm in diameter and they bud directly from the plasma membrane [1, 4, 5, 7] . Specific markers absolutely discriminating the two types of vesicles have not yet been identified. To date, we know that exosomes are enriched in tetraspanins, such as CD9, CD63, and CD81, but, on the contrary, microvesicles present no definite unique markers [2] . For this reason, the characterization methods (immunoblotting, immuno-gold labeling combined with electron microscopy and antibody-coupled bead flow cytometry analysis) are not always highly specific.
Moreover, the current techniques to separate exosomes and microvesicles from biological fluids are less than ideal. The current techniques primarily include isolation by differential ultracentrifugation or size exclusion chromatography, but small variations in the purification procedure could result in contaminated samples [7] . In the literature, these issues have sometimes produced conflicting results in attributing a specific molecule cargo to microvesicles or to exosomes [8] . In spite of this shortcoming, it will be necessary to standardize purification and characterization protocols and this field has produced interesting results in basic and applied medical research [7] .
Exosomes will be concentrated on in this review because most papers have focused their attention to them. In fact, they probably represent a more homogenous category than microvesicles and most data about molecular cargo identification were shown on exosomes. Among the different biomolecule cargos, microRNAs (miRNAs) are the best characterized, probably because of their high stability and relatively easy extraction as compared to proteins and, above all, because of their basic role in the regulation of gene expression [3] . Regulation of gene expression represents the mechanism able to create cellular complexity in multicellular organisms ensuring correct tissue differentiation. In addition, alteration of the complex processes that govern gene expression are responsible for the onset of pathological phenotypes. Gene expression is the result of coordinated cellular activities and requires transcription factors, chromatin remodeling complexes, and noncoding RNAs (ncRNAs) [9] .
Over the last few years, the role of ncRNAs has been investigated more frequently. ncRNAs represent most of the cellular transcriptome (95-98 %) and include long ncRNAs (>200 bp) and small ncRNAs (<200 bp), such as miRNAs, small interfering RNAs (siRNA), and PIWI element-interacting RNAs (piRNA) [9] . miRNAs represent the most studied class of ncRNAs, and they regulate the activity of most protein-coding genes, primarily repressing gene expression at the post transcriptional level. In this way, they are able to control every cellular process and their altered regulation is involved in human diseases [10, 11] . In biological fluid, miRNAs display remarkable stability and resistance to degradation possibly because of their association with protein complexes or because they are enclosed within microvesicles or exosomes. As with cellular miRNAs, circulating miRNAs also show altered expression in different human pathologies [12, 13] . It has been postulated that miRNAs could represent the oldest hormones [13] . As hormones, they should be released by a donor cell secreted by active mechanisms and then they should spread signals that affect cells located in other parts of the organism [13] . Target cells, uptaking the miRNAs, are able to change their genetic program [13, 14] . These observations resulted in a great scientific interest because of their implication in clinical research in that miRNAs could represent noninvasive biomarkers, prognostic factors and also therapeutic targets in cancer or in other complex diseases. Even if most studies concern cancer, miRNAs are becoming a topic of considerable interest also in reproductive biology [15, 16] .
Ovarian follicle
Oocyte developmental competence, which is the ability to produce a healthy embryo, develops through protracted and complex processes beginning during embryonic life and ends at the moment that the MII oocyte is ovulated. Successful oocyte activation, after the entrance of the sperm, and then with the fusion of male and female pronuclei, is strongly influenced by several molecules (maternal factors) that the oocyte accumulates during its maturation [17] .
During embryonic life, primordial germ cells (PGCs) migrate to the genital ridge where they proliferate by mitosis expanding the size of the germ line and transform from oogonia into primary oocytes. Primary oocytes enter meiosis and become arrested in prophase I at the diplotene stage (dictyate). At this time, the oocyte is enclosed by a specialized lineage of ovarian somatic cells, pre-granulosa cells, to form a primordial follicle [18] . The primordial follicle pool represents the woman's ovarian reserve.
After puberty, some primary follicles are cyclically recruited and develop through primary, secondary, and antral stages. Most of the antral follicles undergo apoptosis, whereas only few of them continue to grow and, after reaching the LH (luteinizing hormone) surge, are stimulated to resume meiosis. Among them, only the dominant Graffian follicle ovulates to release the mature egg, which is ready for fertilization [18, 19] .
Follicle development and oocyte maturation are strictly associated. In fact, the proliferation and the differentiation of somatic follicular cells occur in synchrony with the maturing oocyte and are mediated by a constant exchange of signals between somatic cells and germ cells [18] . The structural and functional modifications of pre-granulosa cells that differentiate into mural granulosa cells (GCs) and cumulus cells (CCs) are controlled by hormonal and oocyte signaling. Pregranulosa cells are able to maintain the quiescence of primordial follicles, while GCs, after the LH surge, control oocyte maturation. On the other hand, the oocyte, through the synthesis and secretion of GDF9 and BMP15, regulates GC proliferation and differentiation [17, 20] . It has been shown that, in the primordial follicle, FOXL2 (forkhead box L2) regulates the transcription of inhibitor factors that target the oocyte and suppresses its growth [20] . Following the LH surge, GCs synthesize epidermal growth factors, such as amphiregulin (AREG), epiregulin (EREG), and betacellulin (BTC), which are involved in oocyte maturation [21, 22] . Moreover, CCs supply the oocyte with pyruvate, amino acids, and nucleotides that are essential to the oocyte for macromolecule synthesis [23] .
The crosstalk between the oocyte and somatic follicular cells occurs mainly by gap junctions established between the follicular somatic cells and between the oocyte and CCs [12] . Proteins forming the gap junction are connexins (Cx). Cx43 and Cx45 are involved in GC connections, while Cx37 and Cx43 are involved in oocyte and CC communication. It has been shown that the different types of gap junctions in crosstalk between the oocyte and CCs have different permeability properties and are thus able to transfer specific signals and molecules [18] . Follicular fluid (FF), accumulated inside the antral follicle, represents an additional means of communication between oocyte and somatic cells.
FF consists of a complex mixture of nucleic acids, proteins, metabolites, and ions, which are secreted by the oocyte, granulose, and theca cells, combined with plasma components that cross the blood-follicular barrier via thecal capillaries [24, 25] . It represents a very important microenvironment for the development of the oocyte and its biochemical composition reflects the physiological status of the follicle. It is common opinion that the analysis of FF components may provide useful information on oocyte quality [24] . In fact, hormones, growth factors, cytokines, and chemokines secreted by follicular cells in FF are able to promote oocyte maturation and alteration of the biochemical composition of FF is related to low quality oocytes. Evaluation of the specific components within FF will help us better understand intra-follicular signaling, as well as, reveal potential biomarkers of oocyte health for women undergoing assisted reproductive treatment (ART).
Among the different mechanisms of autocrine and paracrine communication inside the ovarian follicle, an alternative mechanism has recently come to light. By this mechanism, the oocyte and somatic follicular cells could interchange signals, as well as, nutrients. In fact, it has been demonstrated and reported in various papers that microvesicles and exosome carrying miRNAs are in human FF and are also in animal models [26] [27] [28] [29] [30] [31] [32] [33] (Fig. 1, Table 1 ).
Exosomes: biogenesis, secretion, and targeting
Exosomes originate from MVBs, late endosome-derived cell compartments, which bud off parts of their limiting membrane into their lumen forming intraluminal vesicles. MVBs can either fuse with the lysosome for degradation or with the plasma membrane to release exosomes into the extracellular space [34] . The first evidence of exosome secretion was demonstrated in reticulocytes undergoing maturation into red blood cells and subsequently was described in immune cells where it was shown that exosomes are able to induce antigen presentation [35, 36] . In 2007, Valadi et al. demonstrated that exosomes contain both mRNAs and miRNAs, which can be delivered to another cell and can be functional in this new location. They proposed to call this RNA Bexosomal shuttle RNA^ [3] .
Exosome biogenesis and secretion are multifaceted mechanisms and are different depending on the cell type and cargo sequestered. Exosomes can be formed via at least two distinct pathways. The first pathway utilizes the endosomal sorting complex required for transport (ESCRT) machinery, and the second pathway, independent from ESCRT complexes, involves lipids or tetraspanins [1, 37, 38] .
As already mentioned, exosomes are able to transfer macromolecules to target cells, but the mechanisms that select the correct cargo have not yet been characterized. However, it has been demonstrated that the cells are able to modify the number and the cargo of exosomes depending on specific conditions [4] . Moreover, it has been shown that there is a specific repertoire of miRNAs selectively exported to exosomes, whereas others are usually excluded, which indicates that an active sorting mechanism occurs at the RNA level [38] . In a recent review, the authors described some potential modes by which miRNAs can be selected. For example, they suggested that specific nucleotide sequences may be recognized by enzymes or proteins and may guide miRNA incorporation into exosomes and that, alternately, protein complexes may control The most significant results of cited papers have been reported in the text sorting in a miRNA sequence-independent fashion [39] . For example, the sumoylated heterogeneous nuclear ribonucleoprotein A2B1 recognizes the GGAG motif in the 3′ portion of the miRNA sequence and guides specific miRNAs to be packed into exosomes. Argonaute 2 (AGO 2), one of the components of the miRNA-induced silencing complex (miRISC), could be related to exosomal miRNA sorting. In fact, AGO2 has been identified in exosomes, and the knockout of it could decrease the types or abundance of the preferentially exported miRNAs in human embryonic kidney 293 cell-derived exosomes [39] . -dependent manner and secretion can depend on p53 activation in cells undergoing stress [40, 41] . In fact, the p53 response to stress includes not only the production of secreted protein mediators but also the production of exosomes, which can communicate with neighboring cells to influence their behavior [40, 41] . In the extracellular space, exosome interaction with recipient cells can take place by ligand-receptor interactions, by fusion, or by internalization via receptor-mediated endocytosis [34] . Therefore, exosomes can act as paracrine or autocrine mediators and also as endocrine mediators that, through the blood stream, are able to target cells located at distant sites in the body [13] .
Exosome signaling in the ovarian follicle
Ovarian follicles represent a very good model to study exosomes and their cargo. First of all, these studies would allow for a better understanding of complex pathways, which regulate follicle maturation and are involved in the production of a fully competent oocyte. With respect to blood, it is extremely difficult to pinpoint the cells producing exosomes and to identify the recipient cells. Ovarian follicles represent a more finite system where it could be easier to understand the source of exosomes, their target cells, and the function. Furthermore, several papers described the role of ovarian miRNAs in biology and in diseases, and a comprehensive review on the subject has recently been published [15] .
Nevertheless, today, there are still many points to be explored. In a recent paper, the authors isolated exosomes from human FF by ultracentrifugation and characterized by Nanosight, flow cytometry, and surface markers. They compared upregulated exosomal miRNAs to plasma from the same women [30] . This comparison identified miRNAs specifically synthesized by ovarian follicular cells, excluding those derived from blood. By computational analysis, it was demonstrated that some miRNAs could perform important roles inside the ovarian follicle. Specifically, it was found that miR99a, miR100, miR132, and miR218 could be involved in follicle maturation; miR132, miR212, and miR214 could be able to trigger meiosis resumption by negatively regulating genes encoded for follicle maturation-inhibiting factors and miR29a could be involved in epigenetic modifications [30] . At the same time, other researchers demonstrated the presence of miRNA exosome or microvesicle cargo in human and animal FF (Table 1 ). In 2012, da Silveira et al., for the first time, described the presence of exosomes and microvesicles containing miRNAs and proteins in equine FF and, more recently, they discussed the role of hormonal-regulated miRNAs within different ovarian follicular cells [26, 31] . In 2013, Sohel et al. separated microvesicles from exosomes in bovine FF by differential ultracentrifugation and ExoQuick precipitation and demonstrated that both are able to transport miRNAs [27] . Moreover, they demonstrated that oocyte growth is affected by specific miRNA expression profiles [27] . Finally, it has recently been demonstrated that microvesicles and exosomes from bovine FF are able to support cumulus expansion [33] . Since 2012, various papers have focused their attention on miRNAs purified from FF in toto (Table 1) [42] [43] [44] [45] [46] [47] [48] . They described possible roles of miRNAs in follicle maturation and also explained that an altered expression of miRNAs could be involved in human reproductive diseases. It has been shown that miR132 and miR320 can regulate in vitro steroidogenesis in KGN cell lines and that their altered regulation may be involved in polycystic ovary syndrome (PCOS) [42, 45] . In 2014, a review about the possible role of miRNAs present in ovarian follicle cells in PCOS was published [49] . In addition, it has been demonstrated that different expression levels of miR320 in FF can influence embryo quality and that variation of miRNA profiles in FF and granulose cells are related to aging and oocyte maturation stage [47, 48] .
Despite all of this, to date, our knowledge about intercellular communication mediated by exosomes or microvesicles inside the ovarian follicle is limited and many questions remain unanswered. We do not know which macromolecules, in addition to miRNAs, are carried by FF exosomes. In other cellular models, it has been demonstrated that exosomes are able to transfer not only miRNAs but also mRNAs, long ncRNAs, mtDNA, and proteins [1, 4, 34, 50, 51] . It would be interesting to completely characterize the FF exosome cargo because it could provide information on exosome biogenesis, targeting, and cellular effects and may be a source of biomarkers for oocyte quality, reproductive disease diagnosis, or response to hormonal treatment. We know that FF contains different molecules produced by the oocyte and by somatic cells and that there is a close association between FF composition and oocyte quality. The identification and evaluation of FF exosome cargo could allow for the selection of molecules involved in cellular communication and could allow for the possible contaminants derived from lysis or cell death to be avoided.
The regulation of biological pathways by ncRNAs represents one of the most important subjects in recent literature [9] . It has been shown that the human oocyte can synthesize three classes of small ncRNAs, which are piRNAs, miRNAs, and endo-siRNAs, but their biological role is controversial and poorly investigated [52] . The isolation and characterization of some of these important regulatory molecules from FF exosomes could allow us to clarify some unexplored aspects of ovarian physiology.
According to proteomic studies, exosomal proteins include both conserved proteins, which are identified in almost all exosomes no matter what their origin, and cell-type-specific proteins [4] . It has been shown that different cytokines, lacking an N-terminal signal peptide, can be secreted by exosomes [53] . It has long been known that cytokines are involved in ovarian physiology regulating cellular proliferation/differentiation, follicular survival/atresia, and oocyte maturation [54, 55] . Cytokines have been considered as attractive biomarkers of oocyte maturational status and of successful assisted reproductive outcome. However, our understanding of cytokines and their interactions remains incomplete, so it would be interesting to evaluate the presence of cytokines in FF exosomes.
Other proteomic studies demonstrated that exosomes contain proteins involved in cellular signaling pathways, such as the Wnt family. Specifically, it has been shown that there is an evolutionarily conserved functional role (present in Drosophila and in human cells) of extracellular vesicular transport of Wnt proteins [56] . Exosomes carry Wnts on their surface to induce Wnt signaling activity in target cells [56] . It has been amply demonstrated that Wnts and Frizzled (Fz) receptors are expressed at specific stages of follicular growth and luteinization and are important for the growth and development of ovarian follicles [57] .
Other important areas that should be explored regarding FF exosomes include FF exosomes produced by somatic follicular cells or by the oocyte or both and what are the target cells. Comparing the miRNome of the oocyte and FF, we found that some miRNAs are shared between the oocyte and FF while others are exclusively present inside the oocyte [unpublished data]. It is possible to speculate that miRNAs, exclusively present in the MII oocyte, could be used during the first phases of embryo development. Intriguingly, we found miR371, a miR involved in pluripotency and in reprogramming are highly expressed in the human MII oocyte [unpublished data, 58] . On the contrary, FF miRNAs, produced by somatic follicular cells or by the oocyte, should explicate their role during follicular maturation.
The last point that has long been debated in the literature concerning research on cell-cell communication by EVs is whether the secretory molecules are really physiologically functional or if, at least sometimes, these could represent a suitable mechanism to eliminate unnecessary material [14] . It was recently reported that CD9 and CD82 tetraspanins are Fig. 2 Hypothetical role of miR132, miR212, and miR214 in follicular maturation. miRNAs targeting PTEN could be initially used by the oocyte to activate the primordial follicle, which could subsequently be sequestered by exosomes and sent to FF and then, in a time-dependent manner, could be able to induce the PI3K pathway in GCs and in the oocyte able to regulate Wnt signaling, which reduced the intracellular pool of β-catenin. This reduction is due to the increase of exosome-associated transport of β-catenin outside the cell [59] . This finding has suggested that exosomal packaging and release of cytosolic proteins could represent a new way to downregulate the activity of intracellular signaling pathways [59] . Interestingly, miR132, miR212, miR214, highly expressed in FF exosomes, are able to target PTEN [30] . PTEN silencing (possibly mediated by FF miRNAs) and the resulting AKT activation, switch on the phosphatidylinositol 3-kinase (PI3K) signaling pathway. The PI3K pathway is involved in different steps of follicular maturation. In fact, it controls primordial follicle survival and activation, regulates cyclic follicular recruitment, causes ovulation in granulose cells, and stimulates meiosis resumption in the oocyte [60] . It is possible to speculate that miRNAs targeting PTEN could be initially used by the oocyte to activate the primordial follicle, which could subsequently be sequestered by exosomes, sent to FF and, in a timedependent manner, could be able to induce the PI3K pathway in GCs and in the oocyte (Fig. 2) .
Conclusion
The discovery of EVs circulating in biological fluids and the ability to carry specific signals to the other cells raised the increasing attention of the scientific community, especially for the important clinical application of early diagnosis and therapies based on drug delivery. Important results have been obtained by studying different types of cancer and degenerative diseases even though it will be necessary to perform further studies to clarify some points before clinical application. It is vital to have more accurate methods available to discriminate the different subpopulations of EVs and to verify their specific cargo. Moreover, we need greater knowledge about the mechanisms that allow for the correct selection of the cargo and about the recognition signals between vesicles and target cells.
With regard to the EVs in the ovarian follicle, our knowledge is limited and more effort is needed to shed light on the still numerous open questions. We do not identify the cells of ovarian follicles that are able to produce and release vesicles and the cells are able to uptake them. We do not know which molecules, in addition to miRNAs (proteins, long ncRNAs, and DNA), are present inside FF EVs. With regard to their role in folliculogenesis and their involvement in reproductive pathological conditions, any data will have to be validated by future studies, possibly by using follicular in vitro maturation systems. In fact, the ovarian follicle is the fundamental reproductive unit and studies focused on the different isolated follicular components (CCs, GCs, oocyte, FF) are able to provide only partial information. Nevertheless, in the field of reproductive biology, the potential of these new studies in basic, clinical, and biotechnological research appears to have been accepted [61] . The possibility of clinical applications is extremely interesting. For basic researchers, the final goal is to clarify the unknown points within complex pathways regulating follicular growth that create a healthy oocyte able to generate a new life.
